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Abstract
Because endothelial cells are fundamental to the maintenance of the functional integrity of the vascular wall, endothelial modifications in altered
gravity conditions might offer some insights into the mechanisms leading to circulatory impairment in astronauts. We cultured human endothelial
cells in a dedicated centrifuge (MidiCAR) to generate hypergravity and in two different devices, namely the Rotating Wall Vessel and the Random
Positioning Machine, to generate hypogravity. Hypogravity stimulated endothelial growth, did not affect migration, and enhanced nitric oxide
production. It also remodeled the actin cytoskeleton and reduced the total amounts of actin. Hypergravity did not affect endothelial growth, markedly
stimulated migration, and enhanced nitric oxide synthesis. In addition, hypergravity altered the distribution of actin fibers without, however, affecting
the total amounts of actin. A short exposure to hypergravity (8 min) abolished the hypogravity induced growth advantage. Our results indicate that
cytoskeletal alterations and increased nitric oxide production represent common denominators in endothelial responses to both hypogravity and
hypergravity.
© 2007 Elsevier B.V. All rights reserved.Keywords: Endothelial cell; Hypergravity; Hypogravity; Nitric oxide; Migration; Actin1. Introduction
Endothelial cells are crucial in maintaining the integrity of the
vasculature. Indeed, endothelial dysfunction promotes athero-
genesis, thrombosis and hypertension [1]. Because of its
strategic location at the interface between the blood and the
tissues, the endothelium is exposed to cytokines, growth factors,
hormones and metabolic products which can reprogram its
functions in health and disease. In addition to humoral modu-
lators, endothelial cells are sensitive to mechanical stimulations,
as demonstrated by their reactivity to shear stress and altered
gravity conditions [2–4] Recently, mild hypergravity (3 g) has
been shown to inhibit endothelial growth and increase prosta-
cyclin and nitric oxide synthesis [3]. Since hypergravity also
induces caveolin-1 expression and promotes the distribution of⁎ Corresponding author. Tel.: +39 02 50319648; fax: +39 02 50319659.
E-mail address: jeanette.maier@unimi.it (J.A.M. Maier).
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doi:10.1016/j.bbamcr.2007.05.014caveolae in the cell interior, a role for caveolae as mech-
anosensors has been proposed [3]. Several data are also available
about the effects of hypogravity on endothelial cells. In
particular, on the basis of endothelial heterogeneity, we have
described a different response to hypogravity in micro- vs.
macro-vascular endothelial cells [4,5]. When exposed to
hypogravity, macrovascular endothelial cells activate a stress
response and downregulate interleukin (IL-)1α. Since IL-1α is
an inhibitor of endothelial growth, we have shown that the
decreased levels of the cytokine contribute to a stimulation of
cell proliferation [4]. Also bovine aortic endothelial cells grow
faster than controls in hypogravity, although the molecular
mechanisms involved have not been elucidated [6]. On the
contrary, hypogravity inhibits murine microvascular endothelial
cell growth [5], in part through the inhibition of the synthesis of
IL−6. These latter results may shed some light on the molecular
mechanisms contributing to the impairment of wound healing in
reduced gravity [7]. All of the described phenomena are
reversible upon return to 1 g.
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astronauts and aviators of jet fighters are exposed to acceleration
of gravity. In addition, when in orbital flight, astronauts ex-
perience an adaptive cardiovascular response known as
cardiovascular deconditioning [8].
To broaden our knowledge on the effects of altered gravity on
the endothelium, we exposed human endothelial cells to hyper-
gravity, which was generated by the specific aimed centrifuge
MidiCAR, and to hypogravity using two different systems: the
Rotating Wall Vessel (RWV) and the Random Positioning
Machine (RPM). Both the RWVand the RPM have been used to
simulate the effects of low gravity on numerous cell culture
systems [9–11], including endothelial cells [4–6,12]. While in
the RWV cells are seeded on beads allowing a 3D growth, RPM
consents to culture the cells in plates. Studies on cell migration, a
crucial event in vasculogenesis and angiogenesis, are therefore
possible only in this setting.
On the space station or on a space craft, the gravitational force
is approximately 10−4 to10− 6. The RWV and the RPM
bioreactors only model aspects of microgravity and the average
gravitational acting on the cells is reduced to about 10−2 to 10−3
[13–15]. However, these devices are valuable to develop
hypothesis concerning gravitational cell biology and to direct
the design and scope of orbital flight studies. It is noteworthy that
our results documenting an altered function of U937 cells when
cultured in the RWV [16] or in the RPM (manuscript in
preparation) mimic the results obtained in true microgravity
[17], suggesting the suitability of using these surrogate systems
for bench-top microgravity research. Similarly, the suppression
of lymphocyte locomotion in hypogravity using the RWV was
confirmed by studies conducted on the space shuttle [18].
We also combined exposure to hyper- and hypogravity to
simulate the gravity conditions at launch and during space flight.
Our results demonstrate that primary endothelial cells are very
sensitive to alterations of gravity.
2. Materials and methods
2.1. Cell culture, proliferation and migration
Human umbilical vein endothelial cells (HUVEC) were isolated from the
umbilical vein and serially passaged in M199 containing 10% FCS, ECGF
(150 μg/ml) and heparin (5 U/ml) on 2% gelatin coated dishes. The cells were
routinely evaluated for the expression of endothelial markers, i.e. VE-cadherin
and CD34, and utilized for 5–6 passages. All culture reagents were from Gibco.
To generate hypogravity, we utilized the Rotating Wall Vessels (RWV)
(Synthecom Inc, Houston, TX, USA) and the Random Positioning Machine
(RPM) (Dutch Space, Leiden, NL), according to the manufacturer's instructions
for adherent cells. In the RWV, 10 ml vessel rotates around a horizontal axis
(28 rpm) and allows diffusion of oxygen and carbon dioxide across a
semipermeable membrane. The vessel wall and the medium containing cells
bound to microcarrier beads rotate at the same speed, producing a vector-
averaged gravity comparable with that of near-earth free-fall orbit [13]. The cells
do not form aggregates in the RWVand tend to be evenly distributed throughout
the vessel. On the bases of previous studies, we calculated that the cells are
exposed to reduced gravity levels of approximately 3×10−2 g [13–15].
To be used in the RWV, cells were seeded on beads (Cytodex 3, Sigma) [4].
As controls, HUVEC grown on beads were cultured in Petri dishes or in the
vessels not undergoing rotation [4].
The RPM is essentially a 3-axis clinostat, in which the weight vector is
continually reoriented as in traditional clinorotation, but with increaseddirectional randomization [19]. On the RPM, the samples are fixed on the
platform (300 mm×500 mm) as close as possible to the center of the inner
rotating frame, which rotates within another rotating frame. As both frames are
driven by separate motors, the rotation of each frame is randomly and auto-
nomously regulated by computer softwares. The used speed of rotation is 60°/s
(≈1 rad/s) [19]. To be cultured in the RPM, HUVEC cells were grown in Petri or
multiwell dishes. After preliminary experiments aimed at characterizing cell
behavior in the RPM, the dishes were positioned within 60mm from the center of
the platform. It has been calculated that these samples are exposed to appro-
ximately 6×10−2 g [20] and www.desc.med.vu.nl].
We utilized the RPM facility at the Dutch Experiment Support Center
(DESC) which is allocated in a dedicated temperature controlled incubator
capable of supplying a 5% CO2/air mixture.
Migration of HUVEC cells cultured in the RPM was determined using an
in vitro model of wound repair as previously described [21]. Briefly, confluent
endothelial cells were wounded and treated with Hepatocyte Growth Factor
(HGF) (Tebu-Bio) (20 ng/ml) for 18 h. The number of cells migrating from the
wound origin was counted with a light microscope using a grid [21]. The values
represent the mean±standard deviation of 5 fields, each condition tested in
triplicate. To simulate hypergravity, we used the MidiCAR centrifuge (set at
3.5 g). Cell culture dishes were accommodated in metallic vessels filled with a
5% CO2/air mixture. Corresponding static control samples have been housed in
the same incubator.
For proliferation assays, we cultured the cells for various times in the RWV
or in the RPM, trypsinized, stained with trypan blue solution (0.4%) and counted
the viable cells using a Burker chamber. All experiments were performed in
triplicate at least three times. Data are expressed as the mean±standard
deviation.
To simulate the conditions at launch and during space flight, HUVEC were
exposed to a constant force at 3.5×g for 8 min in the MidiCAR centrifuge and
then rapidly moved to the RPM for 24 and 48 h.
2.2. Nitric oxide synthase (NOS) activity
NOS activity wasmeasured in the conditionedmedia of HUVECby using the
Griess method for nitrate quantification according to the manufacturer's
instructions. Briefly, 1:5 diluted media were exposed to nitrate reductase
(250 mU/ml) and NADPH (100 mM) for 30 min at 37 °C to reduce nitrate to
nitrite. The samples were then treated with L-glutamine dehydrogenase and
mixed with an equal volume of freshly prepared Griess reagent. The absorbance
was measured at 540 nm. The concentration of nitric oxide in the samples was
determined using a calibration curve generated with standard NaNO2 solutions.
The experiments were performed in triplicate at least three times. Data are
expressed as the mean±standard deviation [22].
2.3. Western blot
HUVEC cells were lysed in 10 mM Tris–HCl (pH 7.4) containing 3 mM
MgCl2, 10mMNaCl, 0.1% SDS, 0.1%Triton X-100, 0.5 mMEDTA and protein
inhibitors, separated on SDS-PAGE and transferred to nitrocellulose sheets at
400mA for 2 h at 4 °C. After 1 h incubation in blocking buffer (Tris 20mM,NaCl
150 mM, Tween-20 0.1%. pH 7.6), western analysis was performed using 1 μg/
ml of antibodies against heat shock protein (hsp)70, actin, endothelial nitric oxide
synthase (eNOS), and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
(Tebu Bio-Santa Cruz). After extensive washing, secondary antibodies labelled
with horseradish peroxidase (Amersham Pharmacia Biotech) were used. The
SuperSignal chemiluminescence kit (Pierce) was used to detect immunoreactive
proteins [4,5,22].
2.4. Fluorescence microscopy
HUVEC, seeded on cover slips in six-well dishes, were cultured in
simulated hypogravity or hypergravity for 96 h. After the experiments cells
were washed twice with PBS and fixed in phosphate-buffered saline containing
3% paraformaldehyde and 2% sucrose. After extensive washing, cells were
permeabilized with HEPES–Triton, and incubated with fluorescein isothiocya-
nate (FITC)-conjugated phalloidin. The actin distribution was studied with a
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TCS SP2 coupled to an epifluorescence microscope Nikon Optiphot II. Dye
fluorescence was excited with the 488 nm Argon laser line and detected
through a long pass filter above 515 nm.Fig. 2. Hypogravity upregulates hsp70. HUVEC were grown in the RPM for
48 h. Cell extracts (50 μg/lane) were loaded on a 10% SDS-PAGE, blotted onto
nitrocellulose filter, incubated with anti-hsp70 antibodies and visualized by
chemiluminescence as described. After stripping, the blot was incubated with an
anti-GAPDH antibody to show that comparable amounts of proteins were
loaded per lane.3. Results
3.1. Impact of hypogravity on endothelial proliferation and
migration
HUVEC were grown in the RWVor in the RPM for 48 and
96 h. As shown in Fig. 1, culture in the two devices stimulated
cell proliferation to a similar extent at the time points tested, as
previously demonstrated using only the RWV. Interestingly, the
induction of endothelial proliferation was reversible upon return
to normal culture conditions (not shown).
HUVEC cultured in the RWV sensed hypogravity as a stress
and upregulated hsp70 [4]. Analogously, we could detect an
upregulation of hsp70 when the RPM was utilized to generate
hypogravity (Fig. 2).
Endothelial migration is an early event in angiogenesis and
is necessary to repair damages to the vascular wall [1]. The
effects of hypogravity on endothelial migration was assessed
on HUVEC cultured in the RPM for 48 h wounded and exposed
to HGF (20 ng/ml) for 18 additional h in the RPM. Fig. 3
shows that hypogravity did not affect endothelial migration both
under basal conditions and in response to HGF.
3.2. Impact of hypogravity on nitric oxide synthase expression
and activity
Nitric oxide is a multifunctional molecule which affects
vascular functions. We evaluated eNOS expression and activity
in cells cultured in the RWVor in the RPM. Fig. 4A shows the
upregulation of eNOS in cells grown in the two devices for 48 h.
No modulation of inducible NOS was detected (data not
shown). These results may explain, at least in part, the higher
NOS activity detected after 24 and 48 h in cells cultured in the
RWV or in the RPM vs. controls, as measured by the Griess
method (Fig. 4B).Fig. 1. Hypogravity stimulates HUVEC growth. HUVEC were cultured for 48
and 96 h in the RWVor in the RPM, trypsinized and viable cells counted using a
Burker chamber. Data are expressed as % of the controls±standard deviation.3.3. Impact of hypogravity on the actin cytoskeleton
Different cell types cultured in real microgravity and in
simulated hypogravity show cytoskeletal reorganization
[4,12,23,24]. We have demonstrated that HUVEC grown in
the RWV disorganize their actin cytoskeleton within a few
hours from the beginning of the experiment. A few days are
necessary, however, before detecting reduced amounts of actin
by western blot [4]. We performed the same experiments on
HUVEC grown in the RPM for 96 h and their controls by
staining them with FITC-conjugated phalloidin to visualize the
actin cytoskeleton. While the control cells possess a well-
organized cytoskeleton, with abundant stress fibers organized
into bundles, HUVEC grown in the RPM showed disassembly
of the actin fibers which tend to accumulate at the periphery of
the cells near the plasma membrane (Fig. 5A). These
cytoskeletal modifications were paralleled by a decline of the
total amounts of actin after 96 h in hypogravity, as detected by
western blot (Fig. 5B). These qualitative and quantitativeFig. 3. Hypogravity does not affect cell migration. HUVEC were grown in the
RPM for 48 h, exposed to HGF (20 ng/ml) for 18 h and evaluated for migration
using a wound assay as described. Data are expressed as the mean of 4 different
experiments in triplicate±standard deviation.
Fig. 5. Hypogravity impacts on the actin cytoskeleton. (A) HUVEC were
cultured in the RPM for 96 h and compared to controls. Fluorescence staining
was performed using FITC-conjugated phalloidin to visualize the actin
cytoskeleton. The cells were photographed at 100× magnification using a
confocal microscopy. (B) HUVEC were grown in the RPM for 96 h and
compared to controls. Cell extracts (20 μg/lane) were loaded on a 10% SDS-
PAGE, blotted onto nitrocellulose, incubated with anti-actin antibodies and
visualized by chemiluminescence as described. After stripping, the blot was
incubated with an anti-GAPDH antibody to show that comparable amounts of
proteins were loaded per lane.
Fig. 4. Hypogravity induces NOS activity. (A) Western analysis was performed
using specific antibodies against eNOS on 60 μg of lysates from HUVEC
cultured in the RWVor in the RPM for 48 h. Incubation with an anti-GAPDH
antibody shows that comparable amounts of protein were loaded. (B) Nitric
oxide synthesis was measured by the Griess method after 24 and 48 h culture in
the RPM or in the RWV and relative controls (ctr). Data are expressed as the
mean of 3 different experiments in triplicate±standard deviation.
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conditions (data not shown).
3.4. Impact of hypergravity on endothelial proliferation,
migration, NO synthesis and actin cytoskeleton
To simulate hypergravity, HUVEC were cultured in the
MidiCAR under controlled gas and temperature conditions for
different times. After 24 and 48 h under 3.5 g, we found no
modulation of HUVEC growth (Fig. 6A). To investigate the
effects of hypergravity on cell migration, HUVEC were cul-
tured in the MidiCAR for 48, wounded and exposed to HGF
(20 ng/ml) for 18 additional h in the MidiCAR. As shown in
Fig. 6B, hypergravity enhanced the migration of HUVEC in
response to HGF. We also evaluated NO synthesis in HUVEC
cultured in the MidiCAR for 24 and 48 h and found it enhanced,
in agreement with previous results (Fig. 6C) [3].
In addition, after 96 h in the MidiCAR, staining with
fluorescent phalloidin demonstrated cytoskeletal alterations.
Actin fibers were observed more distinctly in the controls than
in the cells cultured in the MidiCAR, where they tend to gather
around the nucleus (Fig. 7A). No modulation of the total
amounts of actin was detected (Fig. 7B). These alterations
were reversible upon return to normal culture conditions (not
shown).3.5. Space flight simulation
During space flight, astronauts are exposed to a short period
of hypergravity (8 min) at launch followed by microgravity in
orbital flight. We have simulated such a condition by culturing
HUVEC in the MidiCAR centrifuge for 8 min and rapidly
moving to the RPM for different times. 8 min in the MidiCAR
inhibit RPM-induced cell growth (Fig. 8). Indeed, 48 h later,
RPM-stimulated cell growth was abolished in the Spaceflight
Simulation setup (A vs. B, D p=n.s.; C vs. A, B, D pb0.01).
4. Discussion
Due to intrinsic difficulties and high expenses, only few
experiments can be conducted under true microgravity in space;
therefore, simulations and validated earth-bound models are
used for detailed studies. Different tools are available to
investigate specific components out of the collective effects
induced by altered gravity conditions. This is the reason why we
have used two different devices, namely the RWVand the RPM,
to study the behavior of human endothelial cells exposed to
modeled gravity. As previously shown using the RWV [4],
HUVEC cultured in the RPM upregulate hsp70, showing that
the adaptation to hypogravity activates the same pathways
required in stressful conditions. Apart from its function as a
Fig. 7. Hypergravity affects actin cytoskeleton. (A) HUVECwere cultured in the
MidiCAR for 96 h and compared to controls. Fluorescence staining was
performed using FITC-conjugated phalloidin to visualize the actin cytoskeleton.
The cells were photographed at 100× magnification using a confocal
microscope. (B) HUVEC were grown in the MidiCAR for 96 h and compared
to controls. Cell extracts (20 μg/lane) were loaded on a 10% SDS-PAGE, and
western blot was performed as described. After stripping, the blot was incubated
with an anti-GAPDH antibody to show that comparable amounts of proteins
were loaded per lane.
Fig. 6. Simulated hypergravity affects endothelial behavior. (A) HUVEC were cultured for 24 and 48 h in the MidiCAR, trypsinized and viable cells counted using a
Burker chamber. (B) HUVECwere grown in theMidiCAR for 48 h, exposed to HGF (20 ng/ml) for 18 h and evaluated for migration using a wound assay as described.
(C) Nitric oxide synthesis was measured by the Griess method in controls (ctr) or in cells cultured for 24 and 48 h in the MidiCAR. All the data are expressed as the
mean of 3 different experiments in triplicate±standard deviation.
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survival [25].We therefore propose that the absence of apoptosis
in HUVEC grown in the RWVand in the RPM is due, at least in
part, to the increased amounts of hsp70. In addition, we describe
a growth stimulation of HUVEC cultured both in the RPM and in
the RWV. Also bovine aortic endothelial cells grow faster than
controls in the RWV [6]. On the contrary, impairment of cell
replication and increased apoptosis after culture in the RPMwas
described in porcine aortic endothelial cells overexpressing
vascular endothelial growth factor-receptor 2 [12]. This
discrepancy could be determined by the fact that, apart from
originating from different species, these cells have been
genetically engineered. Increased apoptosis has also been
described in the endothelial cell line EA.hy926, which resultsFig. 8. Space flight simulation. HUVEC were exposed to 8 min of hypergravity
in the MidiCAR, and then cultured in the RPM for 24 and 48 h (S.F. sim.). Some
samples were only exposed to either hypergravity (midiCAR) or to hypogravity
(RPM). Cell growth was evaluated as described in Materials and methods.
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[26]. It should be recalled that, although immortalized cell lines
offer significant logistical advantages over primary cells when
used for in-vitro studies, they may exhibit important differences
relative to their primary cell counterparts. Indeed, microarrays
have been used to make a genome-wide comparison between
HUVEC and EA.hy926 in their baseline properties and have
shown that, while EA.hy 926 cells are highly useful in studies on
some genes, including genes encoding molecules involved in
regulating thrombo-hemorrhagic homeostasis, they appear to be
less suited for studies focused on other genes, particularly those
involved in the regulation of cell proliferation and apoptosis
[27].
It is also relevant to point that endothelial cells are highly
heterogeneous [28]. Indeed, morphological and functional
differences have been observed in cells isolated from large
and small vessels and between cells derived from various
microvascular beds. To this end, it is noteworthy that murine
microvascular endothelial cells in the RWVare growth inhibited
and do not upregulate hsp70 [5]. Also human microvascular
endothelial cells are growth inhibited when grown in hypo-
gravity (manuscript in preparation).
We did not detect any modulation of endothelial growth in
hypergravity. This is in disagreement with a previous report
showing a shift to the G0/G1 phase of the cell cycle of
endothelial cells exposed to mild hypergravity [3]. Again, this
discordance could be due to different culture conditions.
However, it is noteworthy that 8 min of hypergravity suffice
to abolish hypogravity-stimulated cell proliferation. This result
suggests that hypergravity might interfere with some mechan-
isms controlling endothelial proliferation. More experiments are
required to address this issue.
The culture system of RPM and MidiCAR allowed to
investigate whether altered gravity affects endothelial migration,
which is critical for physiological vascular development and
angiogenesis as well as for the remodelling of existing
endothelia [1]. No relevant alterations of cell migration were
observed in hypogravity in respect to controls, while hyper-
gravity markedly stimulated cell motility after stimuli with HGF,
a potent motogenic factor [21]. We can rule out a hypergravity
−induced overexpression of HGF receptor as detected by
western blot (not shown). It is possible, however, that hyper-
gravity potentiates some signal transduction pathways that
promote endothelial migration or it blocks some mechanisms
which negatively control cell motility.
A role for nitric oxide as a chemical signal connected to the
adaptation of endothelium to altered gravity has been proposed
[3]. This hypothesis is supported by our findings showing an
increase of nitric oxide synthesis in hypogravity as well as in
hypergravity. Nitric oxide, which was originally discovered as
an endothelium derived relaxing factor [29], increases prolifera-
tion and migration of endothelial cell through the sGC-cGMP
pathway as well as through S-nitrosylation [30]. It also mediates
the function of many angiogenic factors and modulates their
expression [31]. Since hypogravity stimulates eNOS expression
and nitric oxide synthesis, we propose that increased nitric oxide
may have a role in cardiovascular deconditioning. Our dataobtained in HUVEC cultured in the RWVand in the RPM are in
agreement with the results obtained in different types of
endothelial cells cultured in the RWV [5,6] as well as with the
increased nitric oxide synthesis observed in rodents subjected to
hindlimb unloading, a model which simulates cardiovascular
deconditioning [32]. Analogously, an increase of nitric oxide
synthesis was described in HUVEC exposed to hypergravity [3],
in spite of the overexpression of caveolin-1, which interacts with
eNOS inhibiting its activity.
There is strong evidence suggesting that the cytoskeleton
may function in sensing gravity at the single cell level. The
cytoskeleton is involved in signal transduction and transition of
cells from resting to active proliferation and is known to be
sensitive to alterations in gravity [33]. As described in other cell
types [34], we found that HUVEC in hypogravity disorganize
their cytoskeleton and redistribute actin fibers. In parallel, we
describe a downmodulation of actin after 96 h culture in the
RPM, as previously described in HUVEC cultured in the RWV
[4]. We argue that actin downregulation represents an adaptive
mechanism aimed at avoiding the accumulation of a protein
which is not necessary for the cell economy. It is noteworthy that
the redistribution of actin fibers is a rather early event which
is observed after a few hours in hypogravity [4,35], while
the reduction of the levels of actin becomes detectable after
3–4 days [4], probably because of the stability and the
abundance of the protein. These results suggest that the early
alterations of the actin network are not linked to the reduced
amounts of actin. Recently, in bovine brain microvascular
endothelial cells, hypogravity has been shown to inhibit the
small GTPase Rho, which is normally involved in actin fiber
remodeling in cells, and this event is the cause of the
disorganization of the actin cytoskeleton [36]. These results are
in agreement with previous data obtained in human mesench-
ymal stem cells cultured in hypogravity [35]. In these cells, actin
stress fibers are disrupted within 3 h of initiation of hypogravity
and are completely absent by 7 days. Importantly, overexpres-
sion of active Rho reverted the elimination of stress fibers [35].
Other cytoskeletal components are influenced by hypogravity. In
Ea.hy926 cells α-tubulin and cytokeratin are altered [26].
Similarly, in thyroid cancer cells vimentin and cytokeratin are
highly disorganized and α-tubulin does not display its typical
radial array [26]. It is noteworthy that irregular cytoskeletal fibers
were reported in space-flown experimental cells, among which
Jurkat cells, myocytes and osteoblasts [23,24].
In our cells, also hypergravity determines alterations of the
actin cytoskeleton characterized by different orientation and loss
of stress fibers. Accordingly, changes of α-actinin and actin
stress fibers leading to altered cell shape were reported in fibro-
blasts exposed to hypergravity (2 to 20 g) for 8 days [37]. In
addition, hypergravity was shown to decrease microtubule net-
work without major changes of cell morphology in confluent
primary rat osteoblasts [38]. It is noteworthy that we did not
detect changes of the total amounts of actin. Interestingly, small
magnitude mechanical loading, such as that experienced during
a shuttle launch, did not alter actin mRNA levels in quiescent
osteoblastic cells [39]. We speculate that the increased
mechanical loading by hypergravity represents a stimulus
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remodeling of the actin cytoskeleton, possibly by stabilizing the
transcript or preventing protein degradation. More experiments
are required to highlight this issue.
In conclusion, hypogravity generated by RWV and RPM
leads to comparable results showing relevant alterations of
endothelial behavior. While waiting for the possibility of per-
forming experiments in true microgravity, our results indicate
that both RWV and RPM can be useful tools to simulate this
condition on earth. It is noteworthy that also hypergravity
markedly impacts on endothelial cells. Because both hypogra-
vity and hypergravity determine alterations of the actin cyto-
skeleton and induce the synthesis of nitric oxide, we hypothesize
that cytoskeleton and nitric oxide may function as mechanical
and chemical sensors, respectively, capable of signalling an
alteration of gravity to the cell which will then activate an
adaptive response.
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